Introduction
The intercostal muscles constitute an integral part of the thoracic cage. Their main function is to assist in breathing. Breathing exercises are largely included in physiotherapy programmes for treatment of cardiopulmonary impairment.
The intercostal muscles also play an important role in maintaining the balance of forces acting on the thoracic cage including the thoracic spine. Their importance in the development of thoracospinal deformity in scoliosis has been documented by several experimental studies [10, 11, 13, 14, 18, 22] . Moreover, it has been found that arm movements are a powerful cause of reflex contraction of the intercostal muscles and that these can be used in the treatment of scoliosis [16] . It has also been reported that breathing exercises have a beneficial effect not only on the vital capacity and rib mobility in idiopathic scoliosis Abstract Besides their main function of assisting in breathing, the intercostal muscles also play an important role in maintaining the balance of forces acting on the thoracic cage including the thoracic spine. Since it is virtually impossible to conduct a morphometric evaluation of these muscles, a study was undertaken to standardize an ultrasound method for accurate determination of the area of the intercostal muscles and hence, indirectly, their function. In a pilot study, the area of the intercostal muscles was determined on the torso of a fresh specimen of a grown-up lamb, using high-resolution ultrasound and CT, and by direct measurements of the intercostal space at two points equidistant from the midline on the left and the right sides of the back of the specimen. The size of the intercostal muscles was determined either by tracing or from the perpendiculars of the area of the muscles both on sonographs and on CT scans. The results showed that measurements derived from the perpendiculars of the muscle area on the sonographs give better estimates than those derived from CT scans, and were in good accordance with the direct measurements of the corresponding intercostal space on the specimen. To evaluate the applicability of the method in vivo the area of the intercostal muscles at maximal inhalation and exhalation was determined in one adult person. It was found that measurements at maximal inhalation were more accurate than those taken at maximal exhalation. It is concluded that ultrasonography is a reliable, safe, easy to apply and high-resolution method for measurements of the area and, indirectly, of the activity of the intercostal muscles in humans, and that the measurements are more accurate at maximal inhalation.
A method for morphometric study of the intercostal muscles by high-resolution ultrasound [20] , but also on the progression of the scoliotic curve [21] .
In view of the accumulated evidence regarding the importance of the intercostal muscles in the function of the thoracic cage and in the maintenance of the normal alignment of the thoracic spine, and considering that reliable morphometric evaluation of these muscles in vivo is virtually impossible, it was considered useful to examine the possibilities for measuring the cross-sectional area of the intercostal muscles and hence, indirectly, their functional state. It is believed that development of an adequate method for this purpose would improve future research related not only to the aetiology, the pathogenesis and the pathomechanism, but also to the evaluation of the results of treatment of scoliosis.
Real ultrasound imaging has been widely used for measuring muscular thickness [3, [5] [6] [7] [8] 12] and can give high resolution [17] . The method does not involve ionising radiation, is not expensive and is easily available [9] . The aim of this study was to standardise an ultrasound method for morphometric studies of the intercostal muscles in one animal specimen and to compare the results with CT measurements and with direct measurements of the intercostal space on the specimen. Furthermore, to examine the bearing the results of the model study had on in vivo applications the method was tried in one adult person.
Material and methods

Pilot study
The torso of a fresh specimen of a grown-up lamb, including the scapulae and the overarms, was skinned and the subcutaneous fat and the viscera were removed, the thoracic cage being kept intact.
The midline over the spinous processes was marked with a marking pen and points were also marked symmetrically from the midline on both sides on the back of the specimen over the intercostal spaces, between the 5th and 12th ribs at 7 cm from the midline and then a further 5 cm lateral to it, approximately on the dorsal axillary line (Fig. 1) .
The specimen was placed lying down on the movable CT table with its longitudinal axis parallel with the CT beam. Then the specimen was rotated around its longitudinal axis until the X-ray beam fell perpendicular to the chest wall. Four longitudinal scans were conducted on the specimen at the level of the previously marked points. An area of six to seven intercostal spaces (usually seven spaces at 7 cm and five at 12 cm from the midline) was then selected and the surface area of the muscle image of each intercostal space was evaluated. The mean values of the measurements from each side were then computed and finally the difference betweeen the means of the right and left sides was calculated (Fig. 2) .
For the ultrasound technique, an Acuson 128 XP/4 computed sonograph machine with a 5-MHz probe was used. Measurments of the intercostal muscle area on the left and right sides of the specimen were performed on the same points previously determined for the vertical CT scanning. The surface area of each intercostal muscle at each rib interspace was measured either by tracing or from the perpendiculars on the sonographs as in the CT scans (Fig. 2) .
The expanse of the muscular surface was computed by the ultrasound and the CT machines respectively. Finally, the real distance between the relevant ribs, corresponding to the longitudinal diameter of the intercostal muscle area, was measured directly on the specimen with a Vernier calliper.
Human trial
To evaluate the applicability of the ultrasound method for in vivo measurements of the area of the intercostal muscles in humans, one normal man was examined, according to the principles of the pilot study, during maximal inhalation and exhalation with the subject prone in neutral position.
The same ultrasound machine as in the pilot study was used. The 5-MHz probe was placed perpendicular to the chest wall and parallel to the longitudinal axis of the body, after applying an echogenic gel on the skin. The probe was passed over a line at the medial border of the left and right scapulae. Measurements started in an upwards direction from the intercostal spaces between the 11th and 12th ribs to those between the 5th and 6th ribs.
For estimation of the interobserver repeatability, measurements of the sonographic image of the area of the intercostal muscles at full inhalation and exhalation was evaluated from the perpendiculars separately by two independent observers. The intraobserver repeatability was tested for six measurements by one observer. At least 1 day (mean 4 days) elapsed between each measurement.
Statistical analysis
ANOVA was used to test the significance of the recorded differences between the right and the left sides, between the three different methods of examination and between the two methods of measurement used in the pilot study and in the human trial.
Results
Pilot study
The area of the intercostal muscles as measured on the sonographs showed no significant difference between the right and left sides at either 7 or 12 cm from the midline whether measured from the perpendiculars or by tracing ( Table 1) .
The muscular area measured on the CT scans either from the perpendiculars or by tracing showed no significant difference between left and right sides at 12 cm from the midline. At 7 cm lateral of the midline, there was a significant difference in area between the two sides in measurements from the perpendiculars ( Table 1) .
Comparison of measurements of the sonographs and on the CT scans disclosed no significant difference in the area of the intercostal muscles at any level for either side, when the area of interest was derived from the perpendiculars (Table 2) .
When the tracing method was used, there was a significant difference between the values obtained by the two methods on the right side at 7 cm and on the left side at 12 cm from the midline ( Table 2) .
Direct measurements of the concerned intercostal distances on the specimen showed no signifcant differences between the right and the left side either at 7 cm or at 12 cm from the midline. The mean difference was -0.36 mm (P > 0.05) at 7 cm from the midline and -0.2 mm (P > 0.05) at 12 cm.
Comparisons between direct measurements of the intercostal distance on the specimen and corresponding measurements on sonographs and CT scans showed no significant differences at 7 cm from the midline. At 12 cm lateral to the midline on the left side, the ultrasound values were significantly higher than the CT or the direct measures (Table 3) .
Human trial
The intraobserver variability of the values for the difference in the area of the intercostal muscle between the left and right side at full inhalation and at full exhalation was not significant except at the levels 7 to 8, where the difference was significant both at full inhalation and at full exhalation. Variability in measurements of the difference in the area of the intercostal muscles at full inhalation compared to full exhalation was significant on the right side at the level between the 7th and the 8th ribs (Table 4) .
Interobserver variability in measurements of the left side during full inhalation and full exhalation was not significant except at three levels during full exhalation (Table 5 ). There were no significant differences between the measurements of the two observers on the right side either at full inhalation or at full exhalation except at one level during full inhalation ( Table 5) .
As a whole there was no significant interobserver variability in measurements of the difference between the left and right side either at full inhalation or at full exhalation, and there was no significant variability in measurements of the difference between full inhalation and full exhalation for either side (Table 6 ). 
Discussion
Evaluation of morphometric and functional changes in the muscles is of paramount importance in studies of dysfunction of the locomotor system. This is particularly valid with regard to the mechanisms responsible for the development of idiopathic scoliosis. Several reports presented over the years have shown morphometric and histochemical changes [2, 4, 9, 19, 23] or changes in myoelectric activity [1, 15, 24] of the dorsal muscles in scoliotic patients. However, despite the documented role of the intercostal muscles in the maintenance of normal alignment of the thoracic spine and in the development of scoliosis, because of special anatomical relations, exising methods cannot be applied for morphometric or functional studies of these muscles. Therefore, the derived method paves the way for evaluation of the area of the intercostal muscles and, indirectly, of their function.
The results of the model study indicated that there are no significant differences between the area of the right and left intercostal muscles at a distance of 7 or 12 cm from the midline of the spine whether measured on sonographs or on CT scans by tracing or from the perpendiculars. Similarly, direct measurements of the intercostal spaces on an animal specimen yield equal values for both sides.
Moreover, it has been found that, both on sonographs and on CT scans, evaluation of the area of the intercostal muscles from the perpendiculars is an easier and safer method than tracing of the area. This is in accordance with an earlier report that there is no significant difference between the two methods of measurement [6] . Good agreement was also found between the measurements made on CT scans, those made on sonographs and direct measurements of the corresponding intercostal spaces on the specimen.
The human trial was performed to ascertain the applicability of the ultrasound method in vivo and to study the influence of the respiratory movements on the area of the intercostal muscles in humans.
The intra-and interobserver measurements of the intercostal muscle area on sonographs in this isolated trial showed good repeatability on both sides at almost all intercostal spaces between the 5th and 12th ribs. The results also showed that, under normal circumstances, there is symmetrical expansion of the intercostal muscle area and indirectly of muscular activity at maximal inhalation and maximal exhalation. This finding emphasises the role of the intercostal muscles in keeping the chest wall in balance during breathing.
The observation that the interobserver difference, except at three levels on the left side at maximal exhalation, was not significant either for the left or the right side indicates that measurements of the intercostal muscle area are more accurate at full inhalation than at full exhalation. This observation was noted by the observers during sono-227 graphic examination of the intercostal muscles. No significant differences were found between the left and right sides during full inhalation or full exhalation. As a whole, the results of these studies indicate that ultrasonography is a reliable, safe, easy to apply and highresolution method for measurement of the area in question which, indirectly, reflects the activity of the intercostal muscles. Moreover, the results of the human trial showed that measurements of the intercostal muscle area between the 5th and 12th ribs approximately at the medial scapular line computed from the perpendiculars of the area at maximal inhalation give more reliable results.
